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complex binding to the 40S subunit (see Hershey and
Merrick, 2000). The eIF3 has also been reported to pro-
mote binding of the eIF2 ternary complex to the 40S
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tor complex to the mRNA is promoted by the eIF4 factorsNational Institutes of Health
and by eIF3. The factor eIF4E directly binds theBethesda, Maryland 20892
m7GpppX cap on eukaryotic mRNAs and, through an
interaction with the N terminus of eIF4G, recruits the
cap-binding complex eIF4F, a heterotrimeric complexProtein synthesis is the ultimate step of gene expres-
composed of eIF4E, eIF4G, and the DEAD-box RNAsion and a key control point for regulation. In particu-
helicase eIF4A (see Gingras et al., 1999). The eIF4A,lar, it enables cells to rapidly manipulate protein pro-
in conjunction with the RNA-binding proteins eIF4B orduction without new mRNA synthesis, processing, or
eIF4H, is thought to unwind RNA secondary structuresexport. Recent studies have enhanced our under-
near the 5 end of the mRNA, while eIF4G binds to thestanding of the translation initiation process and
factor eIF3, which in turn associates with the 40S sub-helped elucidate how modifications of the general
unit. Consequently, the eIF4 factors working togethertranslational machinery regulate gene-specific protein
with eIF3 enable the 40S subunit to bind near the 5production.
end of the mRNA. The eIF2-dependent binding of Met-
tRNAiMet to the 40S subunit appears to be required forOverview of Translation Initiation
the subsequent binding of the mRNA (see Hershey andIn protein synthesis, the polypeptide chain is extended
Merrick, 2000; Hinnebusch, 2000). Once bound near thewhen a specific aminoacyl-tRNA, as determined by the
5 end of an mRNA, the 40S complex scans down thetemplate mRNA, is bound in the A site of an elongating
mRNA in a 5to 3 direction searching for the AUG startribosome. However, prior to translation elongation, the
codon (Kozak, 1989). This scanning process is depen-ribosome must be primed by first binding the unique
dent on ATP hydrolysis; it is not known whether eIF4Ainitiator methionyl-tRNA (Met-tRNAiMet) and locating the
(or another ATPase, such as the DED1 protein in yeast)proper AUG start codon on the mRNA. Thus, translation
facilitates the scanning process by melting mRNA sec-initiation can be divided into three steps (Figure 1): (1)
ondary structures or by actively propelling the ribosome.binding Met-tRNAiMet to the small ribosomal subunit; (2)
On most mRNAs, translation initiates at the AUG codonbinding the small ribosomal subunit to the mRNA and
closest to the 5 end (Kozak, 1991) and proper recogni-AUG codon recognition; and (3) joining of the large ribo-
tion of this start codon is dependent on base pairingsomal subunit, containing the peptidyl-transferase ac-
contacts with the anticodon of the tRNAiMet as well astive site, to generate a translationally competent ribo-
factors eIF1, eIF1A, eIF2, and eIF5 (Donahue, 2000; Pes-some. Each of the steps of translation initiation is
tova et al., 1998a). Upon AUG codon recognition, thefacilitated by proteins referred to as initiation factors. In
GTP associated with eIF2 is hydrolyzed to GDP in aprokaryotes, three polypeptides, IF1, IF2, and IF3 are
reaction that requires eIF5. Following GTP hydrolysis,necessary for translation initiation; in contrast, eukary-
many or all of the factors are thought to dissociate fromotes require at least eleven initiation factors (eIFs), sev-
the 40S subunit leaving the Met-tRNAiMet in the P siteeral of which consist of multiple polypeptides (see Her-
base-paired to the AUG start codon on the mRNA. Sub-shey and Merrick, 2000).
unit joining is catalyzed by eIF5B, an ortholog of prokary-
The focus of this review is on eukaryotic translational
otic IF2 (Lee et al., 1999; Pestova et al., 2000). Following
regulation; but, it is worthwhile to first review the roles
60S subunit joining, eIF5B hydrolyzes its GTP and is
and functions attributed to the translation initiation fac- released from the 80S ribosome (Pestova et al., 2000),
tors. Table 1 presents a compilation of the translation which is now poised to elongate. So, in contrast to the
initiation factors identified in eukaryotes, prokaryotes, single IF2-dependent GTP hydrolysis step in prokaryotic
and archaea along with a brief description of the func- translation, eukaryotic translation initiation consumes
tional role assigned to each factor. In eukaryotes, bind- two GTP molecules, one each by eIF2 and eIF5B (Lorsch
ing of Met-tRNAiMet to the 40S subunit is primarily the and Herschlag, 1999; Pestova et al., 2000). As eIF5B
responsibility of eIF2 (Figure 1), which forms a stable resembles prokaryotic IF2, and the factors have similar
ternary complex with GTP and Met-tRNAiMet. Interest- activities, an interesting hypothesis is that eIF2 (and its
ingly, the Met-tRNAiMet is delivered directly to the P site associated GTP check point) functionally replaces the
of the ribosome in contrast to the delivery of aminoacyl- mRNA-rRNA interaction used for start site recognition
tRNAs to the A site in elongating ribosomes. Factor in prokaryotes.
eIF1A, an ortholog of the prokaryotic factor IF1 which mRNA Features Affect Translation Efficiency
binds to the A site of the small ribosomal subunit (see A 5 m7GpppX cap and a 3 poly (A) tail are found on
Roll-Mecak et al., 2001), promotes Met-tRNAiMet binding most eukaryotic mRNAs, and these modifications syner-
to the 40S ribosomal subunit by helping to generate gistically enhance the translational efficiency of the
a pool of free 40S subunits and by stabilizing ternary mRNA (Gingras et al., 1999; Jacobson, 1996; Kozak,
1991; Sachs, 2000). As indicated in the previous section,
binding of eIF4E to the cap is an important step for1Correspondence: tdever@box-t.nih.gov
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Kozak, 1991), and the RNA sequence adjacent to the
start site influences the efficiency of AUG codon recog-
nition by a scanning ribosome (Kozak, 1991). In general,
the presence of short upstream open reading frames
(uORFs) in an mRNA impairs translation initiation at a
downstream AUG codon. In these cases, ribosomes ac-
cess the downstream AUG codon either by scanning
past the AUG of the uORF without initiating translation
(leaky scanning) or by reinitiation following translation
of the uORF. As described below, the decision whether
to leaky scan or initiate translation is an important com-
ponent of several translational control mechanisms.
Factor Interactions Facilitate Initiation
Complex Formation
In contrast to the stepwise assembly of the translation
initiation complexes as depicted in Figure 1 and de-
scribed above, it is likely that interactions among the
factors facilitate the speed and accuracy of translation
initiation, as well as provide an opportunity for regula-
tion. The factor eIF4G is the scaffold of the cap-binding
complex eIF4F (Figure 2; Dever, 1999; Gingras et al.,
1999; Hentze, 1997), providing binding sites for eIF4E,
eIF4A, and PABP. This latter interaction is linked to the
stimulatory effects of the mRNA poly (A) tail on mRNA
binding to the 40S subunit (Preiss and Hentze, 1998;
Sachs, 2000). In addition, the C terminus of eIF4G binds
the protein kinase MNK1, which phosphorylates the
translation factor eIF4E (described in more detail below).Figure 1. Pathway of Eukaryotic Translation Initiation
Finally, mammalian eIF4G binds eIF3 (Lamphear et al.,Binding of the initiator Met-tRNAiMet and mRNA to the small (40S)
ribosomal subunit is assisted by initiation factors (eIF) as described 1995), and yeast eIF4G, at least indirectly associates
in the text. The location of the initiation factor binding sites on the with eIF3 through eIF5 (Asano et al., 2001). The eIF3, a
ribosome is not well defined, and the sites chosen are compatible large complex consisting of five to eleven subunits (see
with available data. At the completion of the initiation events, the Hershey and Merrick, 2000), directly binds to the 40SMet-tRNAiMet is bound in the P site of the 80S ribosome awaiting
subunit and stimulates mRNA and Met-tRNAiMet bindingdelivery by EF1A of the first elongating tRNA species to the A site.
(Hinnebusch, 2000; Phan et al., 2001). Thus, eIF4G is aGreen dot represents GTP and red dot is GDP.
hub for the interactions required for binding mRNA to
the small ribosomal subunit (Dever, 1999; Hentze, 1997).
A second set of factor interactions facilitates propermRNA recruitment to the ribosome, and as described
below, the poly (A)-binding protein PABP likewise can AUG codon recognition in translation initiation (Figure
2). A multi factor complex consisting of eIF1, eIF2, eIF3,facilitate mRNA recruitment. RNA secondary structure
in the 5 leader, especially adjacent to the cap, impairs eIF5, and Met-tRNAiMet was isolated from yeast cells
raising the possibility that binding of Met-tRNAiMet to theribosome binding and/or scanning (Gingras et al., 1999;
Table 1. Translation Initiation Factors
Eukaryotic Prokaryotic Archaeal
Factor Factor Factor Function
eIF1 IF3a a-eIF1 Fidelity of AUG codon recognition
eIF1A IF1 a-eIF1A Facilitate Met-tRNAiMet binding to small subunit
eIF2 a-eIF2 Bind Met-tRNAiMet to 40S subunit; GTPase
eIF2B Guanine-nucleotide exchange factor for eIF2
eIF3 Promote Met-tRNAiMet and mRNA binding to 40S subunit
eIF4A a-eIF4A DEAD-box helicase
eIF4B Promote eIF4A activity
eIF4E m7GpppX cap binding protein
eIF4F Cap binding complex of eIFs 4A, 4E, and 4G
eIF4G Adaptor protein interacts with many other factors
eIF4H Similar to eIF4B
eIF5 AUG recognition and promote eIF2 GTPase activity
eIF5B IF2 a-eIF5B Subunit joining; in prokaryotes Met-tRNAiMet binding
a The proposed grouping of eIF1 and IF3 is based on their common function to insure accurate Met-tRNAiMet and AUG codon selection, and
structural similarity of eIF1 (Fletcher et al., 1999) to the C-terminal domain of IF3 (Biou et al., 1995).
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Figure 2. Protein-Protein Interactions among
Translation Initiation Factors Facilitate As-
sembly of the Translation Initiation Complex
The factor eIF2 binds Met-tRNAiMet (red) to
the 40S subunit. The eIF3 is a multi subunit
complex (Browning et al., 2001), and the
eIF3c subunit interacts with both eIF1 and
eIF5. It is not known which subunit of eIF3
interacts with eIF4G. In yeast, eIF5 has been
found to bind directly to eIF4G (Asano et al.,
2001), as indicated by the dashed double-
headed arrow. The factors eIF1, eIF1A, eIF2,
eIF3, eIF5, and eIF5B bind to the 40S subunit
at some point during translation initiation. It
is likely that eIF5B and eIF2 never simultane-
ously interact with the 40S subunit. The factor
eIF4G serves as an adaptor for mRNA recruit-
ment, and contains binding sites for the m7G cap-binding protein eIF4E, eIF4A, the poly(A) binding protein (PABP), and the eIF4E kinase
MNK1. Two regulatory interactions are also depicted. The 4E-BP competes with eIF4G for binding to eIF4E. Phosphorylation of 4E-BP weakens
eIF4E binding, enabling eIF4E to interact with eIF4G and promote translation. Phosphorylation of eIF2 converts eIF2 into an inhibitor of its
guanine-nucleotide exchange factor eIF2B composed of distinct regulatory (eIF2B) and catalytic (eIF2B) subcomplexes. The green dot
bound to eIF2 is GTP and the red dot is GDP.
40S subunit is accomplished, not in a stepwise fashion ity for GDP than GTP. At the end of each round of initia-
tion, eIF2 is in an inactive state bound to GDP, andas depicted in Figure 1, but by a preassembled multi-
initiation factor complex (Asano et al., 2000). Genetic requires eIF2B to bind GTP. In contrast to the mono-
meric GEFs for Ras and related G proteins, eIF2B isstudies in yeast identified mutations in all three subunits
of eIF2, eIF1 (SUI1), and eIF5 that affected the fidelity of composed of five polypeptides (Hinnebusch, 2000).
Based on sequence similarity and physical interactions,AUG start site selection (Donahue, 2000). Interestingly, a
physical linkage among these factors has also been the eIF2B subunits can be divided into two subcom-
plexes (Figure 2): a regulatory subcomplex consistingfound. The eIF3c subunit (NIP1 in yeast) interacts with
both eIF1 and eIF5, and eIF5 directly interacts with the of the , , and  subunits (GCN3, GCD7, and GCD2 in
yeast) and a catalytic complex consisting of the  and subunit of eIF2 (Hinnebusch, 2000). It is intriguing that
eIF5, which is required for eIF2 GTPase activity, interacts  subunits (GCD1 and GCD6 in yeast) (Pavitt et al., 1998),
with the C-terminal portion of eIF2B possessing thewith the  subunit of eIF2, as eIF2 contains the GTP-
binding domain. While it has been reported that eIF5 catalytic activity (Fabian et al., 1997; Gomez and Pavitt,
2000). Surprisingly, eIF2B interacts with eIF2 (Hinne-functions as a classic GTPase activating protein (GAP)
for eIF2, the fact that eIF2, but not eIF5, is conserved busch, 2000), and no interaction has been reported be-
tween eIF2B and the GTP-binding subunit eIF2. Asin archaea suggests that eIF5 does not play a direct
catalytic role in the eIF2 GTPase reaction. As both eIF5 will be detailed below, phosphorylation of eIF2 on Ser-
51 converts eIF2 from a substrate to an inhibitor ofand AUG codon recognition by the Met-tRNAiMet on the
40S subunit are required for GTP hydrolysis by eIF2, it is eIF2B. Consistent with this regulatory role, eIF2 inter-
acts with the eIF2B regulatory subcomplex in apossible that conformational changes triggered through
the Met-tRNAiMet and the 40S subunit may be necessary phosphorylation-dependent manner (Krishnamoorthy et
al., 2001). In addition, mutations have been isolated infor eIF2 GTPase activity.
Two sets of factor interactions play critical roles for both eIF2 and the eIF2B regulatory subcomplex
that render eIF2B insensitive to inhibition by phosphory-regulation of translation initiation. First, the eIF4E-bind-
ing proteins (4E-BPs) compete with eIF4G for binding lated eIF2 (see Hinnebusch, 1996; Hinnebusch, 2000).
A mutation in yeast eIF2 that reduces GDP bindingto eIF4E (Figure 2) (Gingras et al., 1999). The 4E-BPs
and eIF4G share a hydrophobic sequence YXXXXLφ eliminates the essential requirement for eIF2B and
eIF2, indicating that the primary role of eIF2 is transla-(φ  aliphatic) that binds to a conserved patch on the
back side of eIF4E away from the m7 GpppX binding tional regulation and not the Met-tRNAiMet binding func-
tion of eIF2 (Erickson et al., 2001).pocket of the factor (Gingras et al., 1999). Both 4E-
BP and eIF4G undergo transitions from disordered to While the factor interactions depicted in Figure 2 are
thought to promote translation initiation, these interac-ordered conformations upon interacting with eIF4E,
suggesting an induced fit in their binding (Fletcher and tions must be assembled and broken during each round
of translation initiation. Genetic and biochemical dataWagner, 1998; Marcotrigiano et al., 1999). By preventing
the eIF4E-eIF4G interaction, the 4E-BPs inhibit transla- indicate that eIF1, eIF1A, eIF2, eIF3, and eIF5 are bound
to the scanning 40S subunit (Donahue, 2000; Hinne-tion initiation. As will be discussed in more detail below,
phosphorylation of 4E-BP weakens its interaction with busch, 2000; Pestova et al., 1998a). Yet, it is not known
whether any of the eIF4 factors are associated with theeIF4E, and enables assembly of the eIF4F cap-binding
complex, thereby promoting translation initiation. scanning ribosome. In addition, following AUG codon
recognition and GTP hydrolysis by eIF2, it is thoughtThe second regulatory interaction involves eIF2B, the
guanine-nucleotide exchange factor (GEF) for eIF2. As that some or all of the initiation factors dissociate from
the ribosome. However, as eIF5B is required for subunitfound for other G proteins, eIF2 has a much higher affin-
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joining, and eIF1A and eIF5B physically and functionally lators of translation during development (Kaytor and Orr,
2001; Wickens et al., 2000). A second mechanism ofinteract to promote translation (Choi et al., 2000), it is
possible that eIF1A remains bound in the ribosomal A gene-specific regulation involves alterations to the gen-
eral translational machinery. While it may seem paradox-site following release of eIF2 (see Figure 1; Roll-Mecak
et al., 2001). Accordingly, eIF1A serves as a docking ical that downregulation of a general translation factor
can have mRNA-specific effects, such mRNA discrimi-site for eIF5B. Joining of the 60S subunit activates the
GTPase activity of eIF5B leading to its release from nation was first proposed and demonstrated over 25
years ago by Lodish (1976). The - and -globin mRNAsthe 80S ribosome, completing the initiation phase of
translation, and priming the ribosome to accept the first are translated at different rates due to more efficient
initiation on the -globin mRNA. Conditions that reduceelongating aminoacyl-tRNA.
the efficiency of general translation for any step up to
and including mRNA binding to the 40S subunit dispro-Alternate Translation Initiation Pathways
portionately inhibit -globin production. Thus, it can beWhile the pathway and factor interactions depicted in
proposed that weaker mRNAs are more sensitive toFigures 1 and 2 apply to the majority of translation initia-
small perturbations in translation initiation efficiency andtion events in eukaryotic cells, a few alternative mecha-
these mRNAs may be subject to mRNA-specific regula-nisms have also been observed, including ribosome
tion when general translation is impaired. It is likely thatshunting and internal initiation. Rather than providing a
this type of mRNA discrimination underlies the gene-detailed description of these alternate pathways, I direct
specific translational regulation by phosphorylation ofthe reader to a recent review by Hellen and Sarnow
eIF2 and 4E-BP, as described in the following sections.(2001), and provide a few highlights here. Internal trans-
lation initiation describes a process whereby the 40S
subunit binds to the mRNA independent of the m7G cap Regulation of Met-tRNAiMet Binding
by using an internal ribosome entry site (IRES). This eIF2 Phosphorylation
alternate mechanism has been reported for several viral Phosphorylation of eIF2 does not directly impair eIF2
mRNAs including those from poliovirus, EMCV, and hep- function, but indirectly affects guanine nucleotide ex-
atitis C virus (Hellen and Sarnow, 2001). In addition, change. Phosphorylation of eIF2 on Ser-51 converts
a growing, but still relatively small, number of cellular eIF2 from a substrate to a competitive inhibitor of eIF2B
mRNAs have been reported to contain IRES elements. (Hinnebusch, 2000). While the relative amounts of eIF2
Many of these mRNAs contain secondary structures or and eIF2B vary among different tissues and organisms,
AUG codons in the 5 leader that are expected to impede eIF2 is always present in excess of eIF2B. Accordingly,
a scanning 40S subunit and block translation of the phosphorylation of a fraction of the eIF2 in a cell can
mRNA. A ribosome can access the AUG start codon by quantitatively inhibit eIF2B and block protein synthesis.
binding to an internal position on the mRNA. While the Four kinases have been identified that specifically
factor requirements for internal initiation are thought to phosphorylate eIF2 on Ser-51. As diagrammed in Fig-
overlap those of the traditional scanning mechanism ure 3A, the four kinases share a conserved kinase do-
(Pestova et al., 1996a), a few exceptions have been main; however, each kinase has unique regulatory do-
noted. The hepatitis C virus IRES binds directly to 40S mains. The kinase HRI was first identified in reticulocytes
ribosomal subunits in the absence of factors (Pestova and inhibits protein synthesis in heme-deprived lysates
et al., 1998b; Spahn et al., 2001), and translation of the (Chen, 2000). Consistent with the regulation of HRI ki-
cricket paralysis virus (CrPV) appears not to require eIF2 nase activity by heme, heme-binding sites have been
or Met-tRNAiMet (Thompson et al., 2001; Wilson et al., mapped to the N terminus and kinase domain of HRI.
2000). While CrPV presents an extreme example of an Recent work has firmly established that in addition to
IRES element, the finding that viruses have developed heme deficiency, HRI is activated under conditions of
means to bypass the normal cellular translation initiation heat shock, osmotic stress, and oxidative stress in-
pathway suggests that some cellular mRNAs will also duced by arsenic treatment of cells (Lu et al., 2001).
translate in the absence of some or all initiation factors. The N-terminal half of the double-stranded RNA
(dsRNA)-activated eIF2 kinase PKR contains two
dsRNA binding domains, and the kinase domain is lo-Mechanisms of Gene-Specific and General
Translational Control cated in the C-terminal half of the protein (Figure 3A).
Binding of dsRNA is thought to disrupt inhibitory interac-A wide variety of treatments including hormones and
growth factors have been found to increase cellular tions between the N-terminal half of PKR and the kinase
domain and promote dimerization leading to PKR activa-translation, whereas cellular stress conditions including
nutrient deprivation, heat shock, and oxidative damage tion (Nanduri et al., 2000). The activation of PKR by
dsRNA, combined with the fact that expression of PKRinhibit protein synthesis. These growth conditions not
only alter global protein synthesis, they can also evoke is induced by interferon, led to the idea that PKR is a
component in the cellular anti viral defense. Consistentgene-specific translational control. In some cases,
gene-specific regulation is conferred by specialized with this idea, a large number of viruses express inhibi-
tors of PKR (Gale and Katze, 1998), and Pkr/ micemRNA-binding factors such as aconitase, which inhibits
ferritin mRNA translation (Rouault and Harford, 2000), exhibit heightened sensitivity to certain viruses (Bala-
chandran et al., 2000; Leib et al., 2000; Stojdl et al.,and hnRNPs K and E, which block 15-lipoxygenase ex-
pression (Ostareck et al., 2001). In addition, RNA binding 2000).
The third eIF2 kinase, PERK, has been found in allproteins such as Pumilio and the fragile X mental retar-
dation protein (FMRP) are important gene-specific regu- multicellular eukaryotes, and is a component of the en-
Review
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ological conditions, PERK was partially activated and
primarily responsible for phosphorylation of eIF2 in the
pancreas (Harding et al., 2001). These findings indicate a
role for PERK, eIF2 phosphorylation, and translational
regulation in cellular homeostasis. Finally, Wolcott-Ralli-
son syndrome, a disease marked by early onset diabe-
tes, is caused by mutations in the human PERK (EI-
F2AK3) gene (Delepine et al., 2000), the first human
disease directly linked to defects in a general transla-
tional regulator.
The fourth eIF2 kinase is GCN2. Though first identi-
fied as a stimulator of GCN4 mRNA translation in yeast
(reviewed in Hinnebusch, 1996; Hinnebusch, 2000), GCN2
was found to specifically phosphorylate eIF2 on Ser-
51 (Dever et al., 1992). Hyperactive alleles of GCN2 in-
hibit total cellular protein synthesis (Hinnebusch, 1996).
The opposing effects of GCN2 on GCN4 and global
translation demonstrate that eIF2 phosphorylation can
regulate both gene-specific and general translation (Fig-
ure 3B). In addition to its centrally located eIF2 kinase
domain, GCN2 contains a domain resembling histidyl-
tRNA synthetase (HisRS) (Figure 3A). Recently, it was
shown that the C-terminal segment of GCN2 containing
Figure 3. Stress-Responsive eIF2 Kinases Inhibit General Transla- the HisRS domain preferentially binds uncharged versus
tion yet Stimulate Expression of a Special Class of Genes
aminoacylated tRNAs (Dong et al., 2000) consistent with
(A) Architecture of the four eIF2 Ser-51 kinases. The conserved
the model that uncharged tRNA binding to the HisRSkinase domains (KD) are depicted in green. The two heme-binding
domain of GCN2 activates the adjacent eIF2 kinasesites in HRI are marked in red. The dsRNA binding domains (dsRBD)
domain (Hinnebusch, 1996). In addition to amino acidin PKR are shown in blue. The N-terminal half of PERK resembles
the corresponding domain of the ER stress-responsive IRE1 kinase. starvation, yeast GCN2 can be activated by purine nu-
Also indicated are signal peptide (SP) and transmembrane (TM) cleotide (Hinnebusch, 2000) and glucose starvation
domain of PERK. The regulatory histidyl-tRNA synthetase (HisRS) (Yang et al., 2000), high salinity (Goossens et al., 2001),
domain in GCN2 is shown in purple. The locations of the N-terminal or by treatment of the cells with the alkylating agentGCN1 binding domain (blue), charged region (	/), and pseudo-
MMS (Natarajan et al., 2001). Two additional proteins,kinase domain (
KD), as well as the C-terminal ribosome binding
GCN1 and GCN20, are required for GCN2 activationand dimerization domain (RB/DD) in GCN2 are also indicated. The
activating condition or ligand for each kinase and the known sources and eIF2 phosphorylation in response to amino acid
of the kinases are also indicated. starvation (Hinnebusch, 1996). As GCN1, GCN2, and
(B) Stress response pathway for regulation of translation by eIF2 GCN20 homologs have been identified in mammals, and
phosphorylation. The eIF2 kinases phosphorylate eIF2 leading to mammalian GCN2 is activated under conditions of
inhibition of eIF2B (red bar). This results in low levels of ternary
amino acid starvation (Harding et al., 2000a), it is likelycomplex (gray arrow) resulting in reduced general translation (gray
that the entire network linking amino acid starvationarrow) and increased translation of GCN4, ATF4, or certain isoforms
through GCN2 to increased eIF2 phosphorylation hasof C/EBP (black arrow). Increased production of the transcription
factors GCN4, ATF4, or C/EBP results in increased expression of been conserved throughout eukaryotic evolution.
their target genes. For the typical studies of the eIF2 kinases, extreme
conditions are employed to strongly activate the kinases
resulting in a severe block to general translation initia-
doplasmic reticulum (ER) stress (or unfolded protein) tion. Cells probably never experience these massive in-
response (Kaufman, 1999). The N-terminal half of PERK sults and lower levels of kinase activation are likely the
resembles the corresponding domain of the ER stress- rule. Further insights into the importance of eIF2 phos-
responsive kinase IRE1 (Figure 3A) and is located in the phorylation in vivo have been obtained by replacing the
ER lumen complexed with the chaperone BiP. Under wild-type eIF2 gene by one containing a substitution
ER stress conditions, BiP dissociates, leading to PERK of Ser-51 with nonphosphorylatable Ala (S51A). In yeast,
oligomerization and activation of its C-terminal, cyto- the S51A mutation mimics the effects of deleting the
plasmic eIF2 kinase domain (Bertolotti et al., 2000). sole eIF2 kinase GCN2 (Hinnebusch, 1996) and impairs
Consistent with its role in the ER stress response, cells GCN4 expression (Figure 3B). In yeast the primary role
lacking PERK fail to phosphorylate eIF2 and downregu- of eIF2 phosphorylation is paradoxically translational
late protein synthesis under ER stress conditions (Har- induction of GCN4 expression and not inhibition of gen-
ding et al., 2000b). Interestingly, Perk/ mice display eral translation. Mice homozygous for the S51A mutation
a rapid decline in pancreatic function postnatally and die shortly after birth due to hypoglycemia attributed to
develop diabetes (Harding et al., 2001). These pheno- a defect in gluconeogenesis (Scheuner et al., 2001). In
types are consistent with the critical role of protein se- addition, like the Perk/ mice, the S51A mice have a
cretion in the pancreas as well as the high level of ex- defect in the ER stress response and a loss of pancreatic
pression of PERK in this tissue (Shi et al., 1998). In  cells (Scheuner et al., 2001). As a defect in gluconeo-
addition, analysis of PERK and eIF2 phosphorylation genesis was not observed in Pkr/, Hri/-, or Perk/-
mice, it is assumed that GCN2 will play an important rolein wild-type and Perk/- mice revealed that under physi-
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Figure 4. Leaky Scanning of AUG Codons, as
Regulated by eIF2 Phosphorylation, Forms
the Basis of Translational Control of the
GCN4, ATF4, and C/EBP mRNAs
(A) Model for translational control of GCN4
expression. Under normal conditions (con-
struct a) eIF2 is phosphorylated at low lev-
els, ribosomes bind the GCN4 mRNA near the
cap, scan, and translate uORF1. Following
termination at uORF1, ribosomes resume
scanning and readily reacquire the ternary
complex required for subsequent AUG codon
recognition. Ribosomes translate uORF4 and
then disengage from the GCN4 mRNA with-
out producing GCN4. Under amino acid star-
vation conditions (construct b), where GCN2
phosphorylates eIF2 to high levels, ribo-
somes again translate uORF1 and then re-
sume scanning. However, ternary complex
levels are lower due to impaired eIF2B func-
tion and ribosomes scan a longer distance
before acquiring the necessary ternary com-
plex. Ribosomes scan past uORF2-4 without
reinitiating translation, and then acquire the
ternary complex in time to initiate at the GCN4
AUG codon. The small colored boxes are the
four uORFs in the GCN4 mRNA leader and
the large box is the GCN4 ORF. Ribosomes
shaded black are competent to translate,
whereas the 40S subunit shaded gray lacks
the ternary complex.
(B) Mutations in the GCN4 mRNA leader alter
GCN4 expression. The leader and various
uORFs are drawn to scale. An X indicates that the AUG codon of the ORF has been destroyed by a point mutation. In construct h, uORF4
has been extended to overlap the GCN4 ORF in an alternate reading frame. The expression of GCN4-lacZ reporters with the indicated leaders
was measured in a strain lacking GCN2 where eIF2 activity is high and in a strain with mutated eIF2B, mimicking the effects of eIF2
phosphorylation, where eIF2 activity is low. The expression has been normalized to the values obtained with the GCN4-lacZ reporter containing
the wild-type leader (construct c) grown in the strain with high eIF2 activity. References to the original data can be found in Hinnebusch
(1996).
(C) Schematics of the mouse ATF4 and C/EBP mRNAs. The mRNAs and various ORFs are drawn to the same scale as the GCN4 constructs
in (A) and (B) The second uORF in the ATF4 mRNA (construct i) overlaps the ATF4 ORF in an alternate reading frame. On the C/EBP mRNA
(construct j), M1 represents an inefficiently used CUG initiation codon, whereas M2-M4 and Mtr are authentic AUG start sites. M2 initiates a
small out-of-frame ORF; M3 and M4 generate long C/EBP isoforms that are transcriptional activators; and Mtr generates an N terminally
truncated dominant-negative C/EBP isoform that lacks the transcriptional activation domain but retains the DNA-binding domain (see
Calkhoven et al., 2000). The four C/EBP isoforms are diagrammed below the schematic of the mRNA.
in this process. The expression of phosphoenolpyruvate at a low basal level (Figure 4B, construct c, high eIF2
carboxykinase (PEPCK), a rate-limiting enzyme in gluco- activity). However, phosphorylation of eIF2 on Ser-51
neogenesis, is induced shortly after birth in wild-type stimulates GCN4 expression (Figure 4B, construct c, low
but not S51A mice (Scheuner et al., 2001). As described eIF2 activity). Mutational analyses of the GCN4 leader,
below, expression of the CCAAT/enhancer binding pro- as depicted in Figure 4B (and reviewed in Hinnebusch,
tein (C/EBP), a transcriptional activator of the PEPCK 1996), have provided insights into the mechanism of
promoter (Croniger et al., 1998), is regulated by eIF2 this translational regulation. Deletion of all four uORFs
phosphorylation. Consequently, as was found in yeast, abolishes regulation and GCN4 is produced at high lev-
the primary role of eIF2 phosphorylation in mammals els (Figure 4B, construct d). The presence of uORF4
may be to upregulate the translation of a special class alone is sufficient to repress GCN4 expression under all
of mRNAs (Figure 3B). conditions (construct e). In contrast, the presence of
uORF1 alone has only a small inhibitory effect on GCN4
expression (construct f). Mutational analyses have re-Short uORFs Sensitize Translation to the Level
vealed that A	U-rich sequences surrounding the stopof eIF2 Phosphorylation
codon of uORF1 favor resumption of scanning and reini-GCN4
tiation, whereas G	C-rich sequences flanking theThe yeast GCN4 protein is a transcriptional activator of
uORF4 stop codon trigger ribosome release (Hinne-amino acid biosynthetic genes and GCN4 production is
busch, 1996). Despite the compelling nature of thisincreased under amino acid starvation conditions, which
model, little is known regarding the propensity for ribo-activate GCN2. The GCN4 mRNA contains four short
somes to continue scanning versus disengage from anORFs in its 5 leader (Figure 4A). In nutrient-rich condi-
mRNA following termination, nor the trans-acting factorstions, the uORFs restrict the flow of scanning ribosomes
to the GCN4 AUG start codon and GCN4 is produced that can influence this decision.
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Although the wild-type GCN4 mRNA leader contains necessary to fully characterize the ATF4 translational
regulatory mechanism.four uORFs, proper regulation of GCN4 is retained in a
simplified leader containing only uORFs 1 and 4 (Figure C/EBP
Full-length and N terminally truncated isoforms of4B, constructs c and g). Extension of uORF4, such that
it overlaps the GCN4 ORF in an alternate reading frame, C/EBP and C/EBP can be found in cells. These iso-
forms arise due to translation initiation at different startmaintains wild-type GCN4 expression and regulation
(construct h). As translation of this extended uORF4 codons in the mRNA (Calkhoven et al., 2000; Ossipow
et al., 1993). As diagrammed in Figure 4C, construct j,would prevent GCN4 translation because ribosomes
cannot effectively scan backwards (5 direction), these four translation initiation sites (M1, M3, M4, and Mtr) have
been found for rat C/EBPplus an additional AUG codonresults indicate that ribosomes scan past uORF4 without
initiating translation when eIF2 is phosphorylated. A (M2) that starts a small, out-of-frame ORF located be-
tween the first and second C/EBP start codons (Calk-model for GCN4 translational regulation (Figure 4A;
Hinnebusch, 1996) proposes that ribosomes efficiently hoven et al., 2000). The first start site (M1) initiates with
an alternative CUG initiation codon, and is likely poorlytranslate uORF1 under all conditions and then resume
scanning. When eIF2 is not phosphorylated, the scan- recognized by scanning ribosomes. The second start
site (M2) initiates the small ORF, which terminates beforening ribosomes readily reacquire Met-tRNAiMet (eIF2 ter-
nary complexes), recognize and translate uORF4, and the third start site. The final start site (Mtr) is located
much farther down the mRNA and yields a truncatedthen disengage from the mRNA. When eIF2 is phos-
phorylated and ternary complex levels are reduced, ribo- C/EBP isoform lacking the N-terminal half of the pro-
tein. The wild-type mRNA generates all four C/EBPsomes scan a longer time and thus a larger distance
before reacquiring the Met-tRNAiMet required for AUG isoforms in mammalian cells (Figure 4C). Elimination of
the AUG codon for the small ORF or substitution of acodon recognition. Ribosomes scan past the inhibitory
uORF4 without initiating translation and then acquire strong AUG codon at the first C/EBP start site elimi-
nates expression of the truncated C/EBP isoformthe Met-tRNAiMet in order to recognize the GCN4 start
codon. The translation of the GCN4 mRNA can be in- (Calkhoven et al., 2000). Thus, the truncated C/EBP
isoform is likely produced by ribosomes that reinitiateduced under conditions where the general function per-
formed by the ternary complex is reduced. Recent bio- following translation of the small ORF, which in turn
depends on leaky scanning of M1. Overexpression ofchemical studies using toe-printing assays to map the
positions of ribosomes on the GCN4 mRNA leader pro- either a dominant-negative form of PKR or the nonphos-
phorylatable S51A allele of eIF2-enhanced expressionvide in vitro support for the model of GCN4 translational
control (Gaba et al., 2001). Most ribosomes translated of the truncated C/EBP isoform (Calkhoven et al., 2000).
These effects of eIF2 phosphorylation on C/EBP ex-uORF1, and the abundance of eIF2 determined whether
ribosomes reinitiated translation at uORF3, uORF4, or pression were also dependent on the small ORF in the
C/EBP mRNA. Whereas expression of both GCN4 andthe GCN4 start site. Importantly, ribosomes that trans-
lated uORF4 failed to reinitiate at the GCN4 AUG codon. C/EBP is regulated by uORFs and eIF2 phosphoryla-
tion, additional studies will be necessary to determineTo summarize, the interplay between the length of the
intercistronic space and the level of eIF2 activity, as why phosphorylation of eIF2 promotes reinitiation at
the downstream GCN4 start site yet impairs the transla-determined by eIF2 phosphorylation, governs the effi-
ciency of translational reinitiation and forms the basis tional reinitiation that generates the truncated C/EBP
isoform. A recent report revealed an additional complex-of the GCN4 translational control mechanism.
ATF4 ity in C/EBP translational control. The hnRNP E2 pro-
tein inhibits C/EBP expression by binding to the con-Like GCN4, the mammalian ATF4 gene encodes a tran-
scriptional activator and the ATF4 mRNA contains served mRNA sequence between the short ORF and the
AUG codon of the M3 start size (Perrotti et al., 2002).uORFs (Figure 4C, construct i). Recently, it was demon-
strated that the production of ATF4 increases under ER Finally, it is interesting that eIF2 phosphorylation af-
fects the magnitude of GCN4 expression, yet this modifi-stress or amino acid starvation conditions, dependent
on the appropriate eIF2 kinase, and Ser-51 in eIF2 cation determines the nature of the C/EBP isoform that
is expressed. As the truncated and full-length C/EBP(Harding et al., 2000a; Scheuner et al., 2001). This induc-
tion in ATF4 expression was independent of transcrip- isoforms have opposing effects on cell growth and dif-
ferentiation, eIF2 phosphorylation likely plays an im-tion, and was accompanied by a shift of the ATF4 mRNA
from smaller to larger polyribosomes (Harding et al., portant role in determining cell fate.
Are Other mRNAs with uORFs Regulated2000a). The mouse ATF4 mRNA contains two uORFs
(Figure 4C, construct i). The first uORF encodes a four by eIF2 Phosphorylation?
The cpc-1 gene, encoding a GCN4 homolog in Neuros-amino acid peptide, whereas the second uORF is longer
and overlaps the ATF4 ORF in an alternate reading frame pora crassa, contains two short uORFs, and its expres-
sion is translationally regulated by the GCN2 homolog(similar to GCN4 construct h in Figure 4B). Fusion of the
ATF4 mRNA leader to a luciferase reporter repressed CPC3 (Luo et al., 1995; Sattlegger et al., 1998). Like
GCN4, ATF4, C/EBP, and CPC1, maize Opaque-2 is abasal expression, but, importantly, conferred transla-
tional stimulation by eIF2 phosphorylation. However, transcription factor and its mRNA contains three short
uORFs that affect opaque-2 expression (Lohmer et al.,in contrast to GCN4 where deletion of uORF1 severely
impaired expression, deletion of uORF1 elevated ex- 1993). It is intriguing to speculate that translational regu-
lation mediated by eIF2 phosphorylation and uORFspression of the ATF4-luciferase reporter construct (Har-
ding et al., 2000a). Additional experiments examining has been conserved throughout eukaryotic evolution to
regulate the production of specific transcription factors.uORF mutations in the authentic ATF4 mRNA will be
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Translation of the mammalian cat-1 mRNA, encoding Regulation of mRNA Binding
4E-BP Phosphorylationthe cationic amino acid transporter, is dependent on
eIF2 phosphorylation as well as a uORF in the cat-1 The integrity of the eIF4F cap-binding complex (Table
1) is regulated by 4E-BPs, which compete with eIF4GmRNA; this regulation may differ from those described
above because translational induction is delayed rela- for a common binding site on eIF4E (Figure 2; reviewed
in Gingras et al., 1999). The binding of 4E-BP to eIF4Etive to eIFZ phosphorylation, and the cat-1 mRNA has
been reported to also contain an IRES element (Fernan- is regulated by phosphorylation of 4E-BP. In its hypo-
phosphorylated state, 4E-BP binds to eIF4E and pre-dez et al., 2001). Translation of the mammalian cyclin
D1 mRNA is particularly sensitive to inhibition by eIF2 vents eIF4F formation; whereas, hyperphosphorylation
of 4E-BP blocks binding to eIF4E (Gingras et al., 1999).phosphorylation, but it is unknown whether uORFs con-
tribute to this regulation (Brewer and Diehl, 2000). Fi- Recent studies indicate that there is an ordered mecha-
nism of phosphate addition at five to six sites on 4E-BPnally, glucose-regulated translation reinitiation at three
uORFs in the mammalian CD36 mRNA regulates expres- (Gingras et al., 2001a), and phosphorylation of multiple
sites on 4E-BP is required to release eIF4E (Gingras etsion of this macrophage scavenger receptor (Griffin et
al., 2001). It will be interesting to see if glucose regulation al., 2001a; Mothe-Satney et al., 2000). Many different
extracellular stimuli, including hormones, growth fac-of CD36 expression is mediated by eIF2 phosphory-
lation. tors, and mitogens induce 4E-BP hyperphosphorylation;
in contrast, nutrient deprivation and certain stress con-It should be noted, that not all uORFs modulate trans-
lation in an eIF2 phosphorylation-dependent manner. ditions reduce 4E-BP phosphorylation. Rapamycin, an
inhibitor of the kinase FRAP/mTOR, inhibits cap-depen-The uORFs in the Neurospora crassa arg-2, yeast CPA1,
mammalian S-adenosylmethionine decarboxylase (Ado- dent protein synthesis and likewise impairs phosphory-
lation of several sites on 4E-BP (Gingras et al., 2001b);MetDC), and cytomegalovirus gpUL4 mRNAs impair
downstream translation by causing an 80S ribosome to yet, it is not clear what kinase(s) directly phosphorylate
4E-BP in vivo.stall at the stop codon of the uORF (reviewed in Geballe
and Sachs, 2000). In these examples, the translational In addition to its role in regulating eIF4F integrity in
response to growth conditions, 4E-BP plays importantinhibitory effects of the uORF are dependent on the
amino acid sequence of the encoded peptide and in the roles in regulating translation during the cell cycle (Hee-
som et al., 2001; Pyronnet et al., 2001) and early develop-cases of arg-2/CPA1 and AdoMetDC on elevated levels
of arginine and polyamines, respectively. Ribosomes ment. In Xenopus, the protein maskin binds eIF4E and
inhibits translation of a special class of mRNAs con-likely access the downstream AUG codons by leaky
scanning on these mRNAs, as opposed to the reinitiation taining cytoplasmic polyadenylation elements (reviewed
in Richter, 2000). Polyadenylation of these mRNAs dur-mechanism employed on the GCN4 mRNA (Gaba et al.,
2001). Finally, it should be noted that uORFs can signal ing oocyte maturation or following fertilization stimu-
lates translation by initiating the assembly of the PABP,an mRNA for decay through the nonsense-mediated
decay pathway (Wilusz et al., 2001). Interestingly, the eIF4G, and eIF4E complex (Figure 2) on the mRNA.
Recent studies of an Eif4ebp1/ mouse have pro-GCN4 mRNA contains an RNA element between uORF4
and the GCN4 start site that binds the protein PUB1 and vided evidence for gene-specific translational control
by 4E-BP. The loss of 4E-BP1 did not affect viability orinactivates nonsense-mediated decay (Ruiz-Echevarria
and Peltz, 2000). The presence of similar stabilizing ele- development; however, Eif4ebp1/ mice were leaner
due to a reduction in the amount of white adipose tissuements will likely be an important feature of the other
mRNAs whose translation is regulated by uORFs and (Tsukiyama-Kohara et al., 2001). Translation of the PGC1
mRNA, encoding an important transcriptional coactiva-eIF2 phosphorylation.
eIF2B Regulation tor of brown adipose tissue, was enhanced roughly
three-fold in the Eif4ebp1/ mice. As loss of 4E-BP1While eIF2 phosphorylation is the best characterized
mechanism for regulation of eIF2B activity, insulin and likely leads to elevated levels of eIF4F, it can be pro-
posed that the PGC1 and perhaps other inefficientmitogens stimulate eIF2B activity without affecting
eIF2 phosphorylation. Glycogen synthase kinase 3 mRNAs have a greater requirement for eIF4F, and that
their translation will be stimulated in the Eif4ebp1/(GSK3) phosphorylates eIF2B, and the inhibition of
GSK3 in insulin-treated cells correlates with dephos- mice.
eIF4E Availability and Phosphorylationphorylation of the GSK3 site on eIF2B and with in-
creased eIF2B activity (Welsh et al., 1998). Consistent As 4E-BP reduces eIF4F complex formation by titrating
out eIF4E, increased expression of eIF4E would be ex-with GSK3 phosphorylation inhibiting eIF2B activity, it
was recently reported that expression of a nonphos- pected to enhance eIF4F levels. Overexpression of
eIF4E in rodent cell lines causes malignant transforma-phorylatable mutant of eIF2B protected cells from apo-
ptosis associated with overexpression or activation of tion (see Gingras et al., 1999), and eIF4E expression is
elevated in several human carcinomas (see Nathan et al.,GSK3 (Pap and Cooper, 2002). Finally, mutations in the
 and  subunits of human eIF2B have recently been 1997, references therein). As the low abundance of eIF4E
is thought to be limiting for translation initiation, the trans-reported in patients with the inherited brain disease leu-
koencephalopathy with vanishing white matter (Leeg- formed phenotype in cells overexpressing eIF4E likely re-
flects increased translational activity. Overexpression ofwater et al., 2001). This is the first human disease linked
to mutations in a translation initiation factor, and it will eIF4E stimulates the translation of mRNAs containing ex-
cessive secondary structure in their 5 leaders (Koromi-be interesting to determine whether the brain-specific
effects of these eIF2B mutations are due to alterations las et al., 1992). Interestingly, overexpression of eIF4E
enhanced the expression of the truncated C/EBP iso-in gene-specific translation control.
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form (Calkhoven et al., 2000; see Figure 4C, construct translational control for energy and glucose homeosta-
sis. It is tempting to speculate that the primary role ofj, and the earlier discussion), suggesting that increased
eIF4F activity can affect AUG start site selection perhaps eIF2 and 4E-BP phosphorylation in vivo is to regulate
the translation of specific mRNAs, rather than the gen-by altering the efficiency of scanning. As expected, inhi-
bition of 4E-BP phosphorylation had the opposite effect, eral role first ascribed to these modifications. The trans-
lation of inefficient mRNAs that compete poorly for thereducing the expression of the truncated C/EBP iso-
form (Calkhoven et al., 2000). Consistent with these find- translational apparatus is thought to be hypersensitive
to perturbations in the general translational machinery.ings, translation of the yeast CLN3 mRNA, which is
poorly translated due to the presence of a uORF (Poly- However, as illustrated by the regulation of GCN4 ex-
pression, the translation of specific mRNAs can be en-menis and Schmidt, 1997), is likewise enhanced in cells
overexpressing eIF4E (Anthony et al., 2001). Thus, in- hanced under conditions where general protein synthe-
sis is impaired. As many of these translational controlcreased availability of the general translation initiation
factor eIF4E can have apparent mRNA-specific effects mechanisms rely on sequence elements in the 5 leader
of an mRNA, the identification of the 5 end of transcriptsas the translation of poor mRNAs is most significantly
elevated. will be important for identifying new candidates for
translational control in the human genome. Finally, thePhosphorylation of eIF4E on Ser-209 correlates with
increased translation rates in cells treated with hor- recent adaptation of cDNA microarrays to examine poly-
somal association of mRNAs (Johannes et al., 1999) ismones, growth factors, or mitogens (Gingras et al.,
1999). This phosphorylation has been reported to in- likely to uncover additional examples of gene-specific
translational control. It will be particularly interesting tocrease cap-binding affinity three- to four-fold (Minich et
al., 1994); however, mutation of Ser-209 to Ala does not apply this technology to study translation in cells lacking
4E-BP1 or specific eIF2 kinases to reveal the mRNAaffect the ability of eIF4E to restore translation in an
eIF4E-dependent in vitro translation system (McKen- targets responsible for the homeostatic functions of
these regulators.drick et al., 2001). Examination of the Ser209 mutant in
vivo will be necessary to fully address the importance
of eIF4E phosphorylation on translation. The kinase that Acknowledgments
phosphorylates eIF4E on Ser-209 has been identified
I apologize to those whose work was not cited or discussed becauseas MNK1. MNK1 associates with the C terminus of eIF4G
of space limitations. I want to thank Alan Hinnebusch for discussions(Figure 2), consistent with the enhanced phosphoryla-
and ideas. I also thank Jane-Jane Chen, Anne-Claude Gingras, andtion of eIF4E in the eIF4F complex (see Gingras et al.,
Matthias Hentze, David Ron, and Nahum Sonenberg for their com-
1999). Therefore, eIF4E phosphorylation may serve as ments and sharing unpublished results, and Ronda Rolfes and Alan
a marker of eIF4F integrity. Hinnebusch for critical reading of the manuscript.
eIF4G Cleavage and Availability
Cleavage of eIF4G has been detected in cells undergo- References
ing apoptosis or infected with certain viruses. As best
characterized for poliovirus, cleavage of eIF4G by the Ali, I.K., McKendrick, L., Morley, S.J., and Jackson, R.J. (2001).
Truncated initiation factor eIF4G lacking an eIF4E binding site canviral protease liberates the eIF4E binding site from eIF4G
support capped mRNA translation. EMBO J. 20, 4233–4242.and is associated with the shutoff of host cell protein
Anthony, C., Zong, Q., and De Benedetti, A. (2001). Overexpressionsynthesis (Gingras et al., 1999). Consequently, the criti-
of eIF4E in Saccharomyces cerevisiae causes slow growth and de-cal factor interactions that support mRNA binding will
creased  Factor response through alterations in CLN3 expression.be impaired. The larger eIF4G cleavage product, which
J. Biol. Chem. 276, 39645–39652.
retains the eIF3 and eIF4A binding sites, is competent
Asano, K., Clayton, J., Shalev, A., and Hinnebusch, A.G. (2000). Ato promote internal initiation (De Gregorio et al., 1999;
multifactor complex of eukaryotic initiation factors eIF1, eIF2, eIF3,
Ohlmann et al., 1996; Pestova et al., 1996b). It has been eIF5, and initiator tRNAMet is an important translation initiation inter-
proposed that viral mRNAs, translated via internal initia- mediate in vivo. Genes Dev. 14, 2534–2546.
tion, outcompete capped cellular mRNAs for the limiting Asano, K., Shalev, A., Phan, L., Nielsen, K., Clayton, J., Valasek, L.,
eIF4G cleavage product (Ali et al., 2001). Finally, the Donahue, T.F., and Hinnebusch, A.G. (2001). Multiple roles for the
carboxyl terminal domain of eIF5 in translation initiation complexinhibition of protein synthesis during heat shock is asso-
assembly and GTPase activation. EMBO J. 20, 2326–2337.ciated with the trapping of eIF4G in insoluble complexes
with the heat shock protein Hsp27 (Cuesta et al., 2000). Balachandran, S., Roberts, P.C., Brown, L.E., Truong, H., Pattnaik,
A.K., Archer, D.R., and Barber, G.N. (2000). Essential role for the
dsRNA-dependent protein kinase PKR in innate immunity to viralConcluding Remarks
infection. Immunity 13, 129–141.
Protein-protein and protein-RNA interactions among the
Bertolotti, A., Zhang, Y., Hendershot, L.M., Harding, H.P., and Ron,initiation factors promote the three key steps of transla-
D. (2000). Dynamic interaction of BiP and ER stress transducers in
tion initiation: binding Met-tRNAiMet to the ribosome, the unfolded-protein response. Nat. Cell Biol. 2, 326–332.
binding mRNA to the ribosome, and subunit joining. In
Biou, V., Shu, F., and Ramakrishnan, V. (1995). X-ray crystallography
addition, regulation of these interactions is an important shows that translational initiation factor IF3 consists of two compact
target for translational control. Modifications of the gen- / domains linked by an  helix. EMBO J. 14, 4056–4064.
eral translational machinery including phosphorylation Brewer, J.W., and Diehl, J.A. (2000). PERK mediates cell cycle exit
of eIF2 and 4E-BP regulate both general and gene- during the mammalian unfolded protein response. Proc. Natl. Acad.
Sci. USA 97, 12625–12630.specific protein synthesis. The phenotypes of the
eIF2-S51A knockin mouse, as well as the Perk/ and Browning, K.S., Gallie, D.R., Hershey, J.W.B., Hinnebusch, A.G.,
Maitra, U., Merrick, W.C., and Norbury, C. (2001). Unified nomencla-Eif4ebp/ mice, have revealed the important role of
Cell
554
ture for the subunits of eukaryotic initiation factor 3. Trends Bio- (Cold Spring Harbor, New York: Cold Spring Harbor Laboratory
Press), pp. 595–614.chem. Sci. 26, 284.
Calkhoven, C.R., Muller, C., and Leutz, A. (2000). Translational con- Gingras, A.-C., Raught, B., and Sonenberg, N. (1999). eIF4 initiation
factors: effectors of mRNA recruitment to ribosomes and regulatorstrol of C/EBP and C/EBP isoform expression. Genes Dev. 14,
1920–1932. of translation. Annu. Rev. Biochem. 68, 913–963.
Gingras, A.-C., Raught, B., Gygi, S.P., Niedzwiecka, A., Miron, M.,Chen, J.-J. (2000). Heme-regulated eIF2 kinase. In Translational
Control of Gene Expression, N. Sonenberg, J.W.B. Hershey, and Burley, S.K., Polakiewicz, R.D., Wyslouch-Cieszynska, A., Aeber-
sold, R., and Sonenberg, N. (2001a). Hierarchical phosphorylationM.B. Mathews, eds. (Cold Spring Harbor, New York: Cold Spring
Harbor Laboratory Press), pp. 529–546. of the translation inhibitor 4E-BP1. Genes Dev. 15, 2852–2864.
Gingras, A.-C., Raught, B., and Sonenberg, N. (2001b). RegulationChoi, S.K., Olsen, D.S., Roll-Mecak, A., Martung, A., Remo, K.L.,
Burley, S.K., Hinnebusch, A.G., and Dever, T.E. (2000). Physical and of translation initiation by FRAP/mTOR. Genes Dev. 15, 807–826.
functional interaction between the eukaryotic orthologs of prokary- Gomez, E., and Pavitt, G.D. (2000). Identification of domains and
otic translation initiation factors IF1 and IF2. Mol. Cell. Biol. 20, residues within the epsilon subunit of eukaryotic translation initiation
7183–7191. factor 2B (eIF2) required for guanine nucleotide exchange reveals
a novel activation function promoted by eIF2B complex formation.Croniger, C., Leahy, P., Reshef, L., and Hanson, R.W. (1998). C/EBP
and the control of phosphoenolpyruvate carboxykinase gene tran- Mol. Cell. Biol. 20, 3965–3976.
scription in the liver. J. Biol. Chem. 273, 31629–31632. Goossens, A., Dever, T.E., Pascual-Ahuir, A., and Serrano, R. (2001).
The protein kinase Gcn2p mediates sodium toxicity in yeast. J. Biol.Cuesta, R., Laroia, G., and Schneider, R.J. (2000). Chaperone Hsp27
inhibits translation during heat shock by binding eIF4G and facilitat- Chem. 276, 30753–30760.
ing dissociation of cap-initiation complexes. Genes Dev. 14, 1460– Griffin, E., Re, A., Hamel, N., Fu, C., Bush, H., McCaffrey, T., and
1470. Ashe, A.S. (2001). A link between diabetes and atherosclerosis: glu-
cose regulates expression of CD36 at the level of translation. Nat.De Gregorio, E., Preiss, T., and Hentze, M.W. (1999). Translation
driven by an eIF4G core domain in vivo. EMBO J. 18, 4865–4874. Med. 7, 840–846.
Harding, H.P., Novoa, I., Zhang, Y., Zeng, H., Wek, R., Schapira, M.,Delepine, M., Nicolino, M., Barrett, T., Golamaully, M., Lathrop, G.M.,
and Julier, C. (2000). EIF2AK3, encoding translation initiation factor and Ron, D. (2000a). Regulated translation initiation controls stress-
induced gene expression in mammalian cells. Mol. Cell 6, 1099–2- kinase 3, is mutated in patients with Wolcott-Rallison syndrome.
Nat. Genet. 25, 406–409. 1108.
Harding, H.P., Zhang, Y., Bertolotti, A., Zeng, H., and Ron, D. (2000b).Dever, T.E. (1999). Translation initiation: adept at adapting. Trends
Biochem. Sci. 24, 398–403. Perk is essential for translational regulation and cell survival during
the unfolded protein response. Mol. Cell 5, 897–904.Dever, T.E., Feng, L., Wek, R.C., Cigan, A.M., Donahue, T.D., and
Hinnebusch, A.G. (1992). Phosphorylation of initiation factor 2 by Harding, H.P., Zeng, H., Zhang, Y., Jungries, R., Chung, P., Plesken,
H., Sabatini, D.D., and Ron, D. (2001). Diabetes mellitus and exocrineprotein kinase GCN2 mediates gene-specific translational control
of GCN4 in yeast. Cell 68, 585–596. pancreatic dysfunction in Perk/ mice reveals a role for translational
control in secretory cell survival. Mol. Cell 7, 1153–1163.Donahue, T. (2000). Genetic approaches to translation initiation in
Saccharomyces cerevisiae. In Translational Control of Gene Expres- Heesom, K.J., Gampel, A., Mellor, H., and Denton, R.M. (2001). Cell
cycle-dependent phosphorylation of the translational repressor eIF-sion, N. Sonenberg, J.W.B. Hershey, and M.B. Mathews, eds. (Cold
Spring Harbor, New York: Cold Spring Harbor Laboratory Press), 4E binding protein-1 (4E-BP1). Curr. Biol. 11, 1374–1379.
pp. 487–502. Hellen, C.U., and Sarnow, P. (2001). Internal ribosome entry sites in
eukaryotic mRNA molecules. Genes Dev. 15, 1593–1612.Dong, J., Qiu, H., Garcia-Barrio, M., Anderson, J., and Hinnebusch,
A.G. (2000). Uncharged tRNA activates GCN2 by displacing the pro- Hentze, M.W. (1997). eIF4G: a multipurpose ribosome adapter. Sci-
tein kinase moiety from a bipartite tRNA-binding domain. Mol. Cell ence 275, 500–501.
6, 269–279.
Hershey, J.W.B., and Merrick, W.C. (2000). Pathway and mechanism
Erickson, F.L., Nika, J., Rippel, S., and Hannig, E.M. (2001). Minimum of initiation of protein synthesis. In Translational Control of Gene
requirements for the function of eukaryotic translation initiation fac- Expression, N. Sonenberg, J.W.B. Hershey, and M.B. Mathews, eds.
tor 2. Genetics 158, 123–132. (Cold Spring Harbor, New York: Cold Spring Harbor Laboratory
Press), pp. 33–88.Fabian, J.R., Kimball, S.R., Heinzinger, N.K., and Jefferson, L.S.
(1997). Subunit assembly and guanine nucleotide exchange activity Hinnebusch, A.G. (1996). Translational control of GCN4: gene-spe-
of eukaryotic initiation factor-2B expressed in Sf9 cells. J. Biol. cific regulation by phosphorylation of eIF2. In Translational Control,
Chem. 272, 12359–12365. J.W.B. Hershey, M.B. Mathews, and N. Sonenberg, eds. (Cold Spring
Harbor, New York: Cold Spring Harbor Laboratory Press), pp.Fernandez, J., Yaman, I., Merrick, W.C., Koromilas, A., Wek, R.C.,
Sood, R., Hensold, J., and Hatzoglou, M. (2002). Regulation of inter- 199–244.
nal ribosome entry site-mediated translation by eIF2 phosphoryla- Hinnebusch, A.G. (2000). Mechanism and regulation of initiator
tion and translation of a small uORF. J. Biol. Chem. 277, 2050–2058. methionyl-tRNA binding to ribosomes. In Translational Control of
Gene Expression, N. Sonenberg, J.W.B. Hershey, and M.B. Ma-Fletcher, C.M., and Wagner, G. (1998). The interaction of eIF4E with
4E-BP1 is an induced fit to a completely disordered protein. Protein thews, eds. (Cold Spring Harbor, New York: Cold Spring Harbor
Laboratory Press), pp. 185–243.Sci. 7, 1639–1642.
Fletcher, C.M., Pestova, T.V., Hellen, C.U.T., and Wagner, G. (1999). Jacobson, A. (1996). Poly(A) metabolism and translation: the closed-
looped model. In Translational Control, J.W.B. Hershey, M. Ma-Structure and interactions of the translation initiation factor eIF1.
EMBO J. 18, 2631–2639. thews, and N. Sonenberg, eds. (Plainview, New York: Cold Spring
Harbor Laboratory Press), pp. 505–548.Gaba, A., Wang, Z., Krishnamoorthy, T., Hinnebusch, A.G., and
Sachs, M.S. (2001). Physical evidence for distinct mechanisms of Johannes, G., Carter, M.S., Eisen, M.B., Brown, P.O., and Sarnow,
P. (1999). Identification of eukaryotic mRNAs that are translated attranslational control by upstream open reading frames. EMBO J.
20, 6453–6463. reduced cap-binding complex eIF4F concentrations using a cDNA
microarray. Proc. Natl. Acad. Sci. USA 96, 13118–13123.Gale, M., Jr., and Katze, M.G. (1998). Molecular mechanisms of
interferon resistance mediated by viral-directed inhibition of PKR, Kaufman, R.J. (1999). Stress signaling from the lumen of the endo-
plasmic reticulum: coordination of gene transcriptional and transla-the interferon-induced protein kinase. Pharmacol. Ther. 78, 29–46.
tional controls. Genes Dev. 13, 1211–1233.Geballe, A.P., and Sachs, M.S. (2000). Translational control by up-
stream open reading frames. In Translational Control of Gene Ex- Kaytor, M., and Orr, H. (2001). RNA targets of the fragile X protein.
Cell 107, 555–557.pression, N. Sonenberg, J.W.B. Hershey, and M.B. Mathews, eds.
Review
555
Koromilas, A.E., Lazaris-Karatzas, A., and Sonenberg, N. (1992). detti, A. (1997). Detection of the proto-oncogene eIF4E in surgical
margins may predict recurrence in head and neck cancer. OncogenemRNAs containing extensive secondary structure in their 5 non-
coding region translate efficiently in cells overexpressing initiation 15, 579–584.
factor eIF-4E. EMBO J. 11, 4153–4158. Ohlmann, T., Rau, M., Pain, V.M., and Morley, S.J. (1996). The
Kozak, M. (1989). The scanning model for translation: an update. J. C-terminal domain of eukaryotic protein synthesis initiation factor
Cell Biol. 108, 229–241. (eIF) 4G is sufficient to support cap-independent translation in the
absence of eIF4E. EMBO J. 15, 1371–1382.Kozak, M. (1991). Structural features in eukaryotic mRNAs that mod-
ulate the initiation of translation. J. Biol. Chem. 266, 19867–19870. Ossipow, V., Descombes, P., and Schibler, U. (1993). CCAAT/
enhancer-binding protein mRNA is translated into multiple proteinsKrishnamoorthy, T., Pavitt, G.D., Zhang, F., Dever, T.E., and Hinne-
with different transcription activation potentials. Proc. Natl. Acad.busch, A.G. (2001). Tight binding of the phosphorylated  subunit
Sci. USA 90, 8219–8223.of initiation factor 2 (eIF2) to the regulatory subunits of guanine
nucleotide exchange factor eIF2B is required for inhibition of transla- Ostareck, D., Ostareck-Lederer, A., Shatsky, I., and Hentze, M.W.
tion initiation. Mol. Cell. Biol. 21, 5018–5030. (2001). Lipoxygenase mRNA silencing in erythroid differentiation:
the 3 UTR regulatory complex controls 60S ribosomal subunit join-Lamphear, B.J., Kirchweger, R., Skern, T., and Rhoads, R.E. (1995).
ing. Cell 104, 281–290.Mapping of functional domains in eukaryotic protein synthesis initia-
tion factor 4G (eIF4G) with picornaviral proteases. J. Biol. Chem. Pap, M., and Cooper, G.M. (2002). Role of translation initiation factor
270, 21975–21983. 2B in control of cell survival by the phosphatidylinositol 3-kinase/
Akt/glycogen synthase kinase 3 signaling pathway. Mol. Cell. Biol.Lee, J.H., Choi, S.K., Roll-Mecak, A., Burley, S.K., and Dever, T.E.
22, 578–586.(1999). Universal conservation in translation initiation revealed by
human and archaeal homologs of bacterial translation initiation fac- Pavitt, G.D., Ramaiah, K.V.A., Kimball, S.R., and Hinnebusch, A.G.
tor IF2. Proc. Natl. Acad. Sci. USA 96, 4342–4347. (1998). eIF2 independently binds two distinct eIF2B subcomplexes
that catalyze and regulate guanine-nucleotide exchange. GenesLeegwater, P.A.J., Vermeulen, G., Konst, A.A.M., Naidu, S., Mulders,
Dev. 12, 514–526.J., Visser, A., Kersbergen, P., Mobach, D., Fonds, D., van Berkel,
C.G.M., et al. (2001). Subunits of the translation initiation factor eIF2B Perrotti, D., Cesi, V., Trotta, K., Guersoni, C., Santill, G., Campbell,
are mutant in leukoencephalopathy with vanishing white matter. Nat. K., Iervolino, A., Condorelli, C., Gambacorti-Passerini, C., Caligiuri,
Genet. 29, 383–388. M.A., and Calabretta, B. (2002). BCR-ABL suppresses C/EBP ex-
pression through inhibitory action of hnRNP E2. Nature Gen. 30,Leib, D.A., Machalek, M.A., Williams, B.R.G., Silverman, R.H., and
48–58.Virgin, H.W. (2000). Specific phenotypic restoration of an attenuated
virus by knockout of a host resistance gene. Proc. Natl. Acad. Sci. Pestova, T.V., Hellen, C.U.T., and Shatsky, I.V. (1996a). Canonical
USA 97, 6097–6101. eukaryotic initiation factors determine initiation of translation by
internal ribosomal entry. Mol. Cell. Biol. 16, 6859–6869.Lodish, H.F. (1976). Translational control of protein synthesis. Annu.
Rev. Biochem. 45, 39–72. Pestova, T.V., Shatsky, I.N., and Hellen, C.U.T. (1996b). Functional
dissection of eukaryotic initiation factor 4F: the 4A subunit and theLohmer, S., Maddaloni, M., Motto, M., Salamini, F., and Thompson,
central domain of the 4G subunit are sufficient to mediate internalR.D. (1993). Translation of the mRNA of the maize transcriptional
entry of 43S preinitiation complexes. Mol. Cell. Biol. 16, 6870–6878.activator Opaque-2 is inhibited by upstream open reading frames
present in the leader sequence. Plant Cell 5, 65–73. Pestova, T.V., Borukhov, S.I., and Hellen, C.U.T. (1998a). Eukaryotic
ribosomes require initiation factors 1 and 1A to locate initiationLorsch, J.R., and Herschlag, D. (1999). Kinetic dissection of funda-
codons. Nature 394, 854–859.mental processes of eukaryotic translation initiation in vitro. EMBO
J. 18, 6705–6717. Pestova, T.V., Shatsky, I.N., Fletcher, S.P., Jackson, R.J., and Hellen,
C.U.T. (1998b). A prokaryotic-like mode of cytoplasmic eukaryoticLu, L., Han, A.-P., and Chen, J.-J. (2001). Translation initiation control
ribosome binding to the initiation codon during internal translationby heme-regulated eukaryotic initiation factor 2 kinase in erythroid
initiation of hepatitis C and classical swine fever virus RNAs. Genescells under cytoplasmic stress. Mol. Cell. Biol. 21, 7971–7980.
Dev. 12, 67–83.Luo, Z., Freitag, M., and Sachs, M.S. (1995). Translational regulation
Pestova, T.V., Lomakin, I.B., Lee, J.H., Choi, S.K., Dever, T.E., andin response to changes in amino acid availability in Neurospora
Hellen, C.U.T. (2000). The joining of ribosomal subunits in eukaryotescrassa. Mol. Cell. Biol. 15, 5235–5245.
requires eIF5B. Nature 403, 332–335.Marcotrigiano, J., Gingras, A.C., Sonenberg, N., and Burley, S.K.
Phan, L., Schoenfeld, L.W., Valasek, L., Nielsen, K.H., and Hinne-(1999). Cap-dependent translation initiation in eukaryotes is regu-
busch, A.G. (2001). A subcomplex of three eIF3 subunits binds eIF1lated by a molecular mimic of eIF4G. Mol. Cell 3, 707–716.
and eIF5 and stimulates ribosome binding of mRNA and tRNAiMet.McKendrick, L., Morley, S.J., Pain, V.M., Jagus, R., and Joshi, B.
EMBO J. 20, 2954–2965.(2001). Phosphorylation of eukaryotic initiation factor 4E (eIF4E) at
Polymenis, M., and Schmidt, E.V. (1997). Coupling of cell divisionSer209 is not required for protein synthesis in vitro and in vivo. Eur.
to cell growth by translational control of the G1 cyclin CLN3 in yeast.J. Biochem. 268, 5375–5385.
Genes Dev. 11, 2522–2531.Minich, W.B., Balasta, M.L., Goss, D.J., and Rhoads, R.E. (1994).
Preiss, T., and Hentze, M.W. (1998). Dual function of the messengerChromatographic resolution of in vivo phosphorylated and nonphos-
RNA cap structure in poly(A)-tail-promoted translation in yeast. Na-phorylated eukaryotic translation initiation factor eIF-4E: increased
ture 392, 516–520.cap affinity of the phosphorylated form. Proc. Natl. Acad. Sci. USA
91, 7668–7672. Pyronnet, S., Dostie, J., and Sonenberg, N. (2001). Suppression of
cap-dependent translation in mitosis. Genes Dev. 15, 2083–2093.Mothe-Satney, I., Yang, D., Fadden, P., Haystead, T.A.J., and Law-
rence, J.C., Jr. (2000). Multiple mechanisms control phosphorylation Richter, J.D. (2000). Influence of polyadenylation-induced transla-
of PHAS-I in five (S/T)P sites that govern translational repression. tion on metazoan development and neuronal synaptic function. In
Mol. Cell. Biol. 20, 3558–3567. Translational Control of Gene Expression, N. Sonenberg, J.W.B.
Hershey, and M.B. Mathews, eds. (Cold Spring Harbor, New York:Nanduri, S., Rahman, F., Williams, B.R., and Qin, J. (2000). A dynami-
Cold Spring Harbor Laboratory Press), pp. 785–805.cally tuned double-stranded RNA binding mechanism for the activa-
tion of antiviral kinase PKR. EMBO J. 19, 5567–5574. Roll-Mecak, A., Shin, B.S., Dever, T.E., and Burley, S.K. (2001). En-
gaging the ribosome: universal IFs of translation. Trends Biochem.Natarajan, K., Meyer, M.R., Jackson, B.M., Slade, D., Roberts, C.,
Sci. 26, 705–709.Hinnebusch, A.G., and Marton, M.J. (2001). Transcriptional profiling
shows that Gcn4p is a master regulator of gene expression during Rouault, T.A., and Harford, J.B. (2000). Translational Control of Ferri-
amino acid starvation in yeast. Mol. Cell. Biol. 21, 4343–4368. tin Synthesis. In Translational Control of Gene Expression, N. So-
nenberg, J.W.B. Hershey, and M.B. Mathews, eds. (Cold SpringNathan, C.A., Liu, L., Li, B.D., Abreo, F.W., Nandy, I., and De Bene-
Cell
556
Harbor, New York: Cold Spring Harbor Laboratory Press), pp.
655–670.
Ruiz-Echevarria, M.J., and Peltz, S.W. (2000). The RNA binding pro-
tein Pub1 modulates the stability of transcripts containing upstream
open reading frames. Cell 101, 741–751.
Sachs, A. (2000). Physical and functional interactions between the
mRNA cap structure and the poly(A) tail. In Translational Control of
Gene Expression, N. Sonenberg, J.W.B. Hershey, and M.B. Ma-
thews, eds. (Cold Spring Harbor, New York: Cold Spring Harbor
Laboratory Press), pp. 447–465.
Sattlegger, E., Hinnebusch, A.G., and Barthelmess, I.B. (1998).
cpc-3, the Neurospora crassa homologue of yeast GCN2, encodes
a polypeptide with juxtaposed eIF2 kinase and histidyl-tRNA syn-
thetase-related domains required for general amino acid control. J.
Biol. Chem. 273, 20404–20416.
Scheuner, D., Song, B., McEwen, E., Liu, C., Laybutt, R., Gillespie,
P., Saunders, T., Bonner-Weir, S., and Kaufman, R.J. (2001). Transla-
tional control is required for the unfolded protein response and in
vivo glucose homeostasis. Mol. Cell 7, 1165–1176.
Shi, Y., Vattem, K.M., Sood, R., An, J., Liang, J., Stramm, L., and
Wek, R.C. (1998). Identification and characterization of pancreatic
eukaryotic initiation factor 2 -subunit kinase, PEK, involved in
translational control. Mol. Cell. Biol. 18, 7499–7509.
Spahn, C.M., Kieft, J.S., Grassucci, R.A., Penczek, P.A., Zhou, K.,
Doudna, J.A., and Frank, J. (2001). Hepatitis C virus IRES RNA-
induced changes in the conformation of the 40s ribosomal subunit.
Science 291, 1959–1962.
Stojdl, D.F., Abraham, N., Knowles, S., Marius, R., Brasey, A., Lichty,
B.D., Brown, E.G., Sonenberg, N., and Bell, J.C. (2000). The murine
double-stranded RNA-dependent protein kinase PKR is required for
resistance to vesicular stomatitis virus. J. Virol. 74, 9580–9585.
Thompson, S.R., Gulyas, K.D., and Sarnow, P. (2001). Internal initia-
tion in Saccharomyces cerevisiae mediated by an initiator tRNA/
eIF2-independent internal ribosome entry site element. Proc. Natl.
Acad. Sci. USA 98, 12972–12977.
Tsukiyama-Kohara, K., Poulin, F., Kohara, M., DeMaria, C.T., Cheng,
A., Wu, Z., Gingras, A.-C., Katsume, A., Elchebly, M., Spiegelman,
B.M., et al. (2001). Adipose tissue reduction in mice lacking the
translational inhibitor 4E-BP1. Nat. Med. 7, 1128–1132.
Welsh, G.I., Miller, C.M., Loughlin, A.J., Price, N.T., and Proud, C.G.
(1998). Regulation of eukaryotic initiation factor eIF2B: glycogen
synthase kinase-3 phosphorylates a conserved serine which under-
goes dephosphorylation in response to insulin. FEBS Lett. 421,
125–130.
Wickens, M., Goodwin, E.B., Kimble, J., Strickland, S., and Hentze,
M.W. (2000). Translational control of developmental decisions. In
Translational Control of Gene Expression, N. Sonenberg, J.W.B.
Hershey, and M.B. Mathews, eds. (Cold Spring Harbor, New York:
Cold Spring Harbor Laboratory Press), pp. 295–370.
Wilson, J.E., Pestova, T.V., Hellen, C.U., and Sarnow, P. (2000).
Initiation of protein synthesis from the A site of the ribosome. Cell
102, 511–520.
Wilusz, C.J., Wormington, M., and Peltz, S.W. (2001). The cap-to-
tail guide to mRNA turnover. Nat. Rev. Mol. Cell.Biol. 2, 237–246.
Yang, R., Wek, S.A., and Wek, R.C. (2000). Glucose limitation induces
GCN4 translation by activation of Gcn2 protein kinase. Mol. Cell.
Biol. 20, 2706–2717.
